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IMPLOSIVE DEVICES FOR LONG-RANGE

UNDERWATER SIUMALLING

by

Hendrikus W. Tinkelenborg

ABSTRACT

This report deals with thei Work done to determine the feasi-
bility of long-distance underwater signalling by moans of implo-
siaon caused by pressure-activated rupture discs. The design and
use of a laboratory instrument to study the behavior of rupture
discs under pressure is described. The experiments performed with
thir Instrument and their results are reported. A field experi-
ment was conducted to determine the amount of energy obtained from
implosion devices a well as the distance over wicoh they can be
hoard. In the course of the experiments in the laboratory and in
the field it was found that the pressure at hlich rupture occurs
Is determined by the depth of tic nutually perpendicular grooves
out Into one face of each disc, and that at a depth of 260 feet
(1100 psi) an implosive volume of 3 cubic foet is equivalent in
potential energy to I lb. of TNIT. It Is also shown that the use
of neutrally-buoyant floats equipped with implosive devices to
study deep currents in the ocean is perfectly feasible.
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1. 1NT1MDUCTIOIN

Thie nureurally-4iivuyaiat 21t96-"- Ir zctc cc

graphic Instrument for noarli a decade (Stousil, 1954)o* The

first practical floats wore designed and built by J. C. Swallow

v"e used thou quite successfully In May and June of 1955

C8vallow, 1955). S ince then they have been used profitably 4y

Swallow and others Iva variouas studios of the deep circulation

in the ocean (Swallow, 1957; Swallow and Hamon, 1950; Swallow

and Worthington, 1901),

As developed by Swallow, a neutrally-buoyant float consists

of a long thin aluminum tube, closed at both ends, and of such a

design that under the influence of hydrostatic pressure the float

as a mbole Is less compressible than seawater. If such a float

Is adjusted to have a small amount of negative buoyancy at the

sea surface, It will sink when set overboard. As it descends It

will became compressed due to the hydrostatic pressure and Its

density will Increase. Since seawater is more compressible than

the float, the density of the water surrounding the sinking float

will inctesase at a greater rate. Thus at some depth the float

obtains a small samoun$ 9f positive buoyancy with roapct to Its

surroundings and will continua to drift at this depth. A float

carries batteries and ele.rtronle gear inuide, a transducer out-

sides and emits signals at fixed pre-determined Intervals.

61



2.

A ship at the surface can track the progress of the float by

these signals.

W4 th al antionir. aiwnAllinu the useful ranme of even very

large floats Is of the order of miles or at best a few tons of

miles. Thus a float Is useful only as long as a ship is avail-

able to track It. Whereas in theory it seems quite possible to

track a number of floats simultaneously with the ship, In practice

only oe-" Vz.! can be tracked successfully for any worthwhile length

of time. It is obvious that to obtain a significant measure of the

distribution in space and time of the deep currents at some location

in the ocean using neutrally-.1uoy.rrt floats, the cost of such data

in ship-hourn and man-hours expended i'ýcomee prohibitive. Since,

however, the concept of neutrally-buoyant floats itself represents

both a great advance in the mapping of deep currents and an economi-

cal tool, it became clear quitu early to oceanographers that it was

the method of tracking the floats that needed to be Improved.

The discovery of the SOFAR channel in the ocean and the

important developments made In the use of underwater sound during

the second World War showed several people in the field the way to

an elegant tracking system. Differing only in details, they con-

ceived of a shore-based network of SOFAR listening stations and a

multitude of neutrally-buoyant floats released either by planes or

* aC Sea Appendix A.



3.

ships to drift at many different locations and depths In the

ocean. At regular intervals each float would create a. signal

or surzfclent strengtn to oe recorded at the listening stations.

If at least three stations received Vioh a signal an accurate

fix on the float's position could be made and Its progress plotted.

In these schemes the timing of the signals is of great importance.

An accurate timing mechanism Is necessary so that a float ma.y be

identified by its unique time of reporting and also to prevent

signals Z .... --.lu simultarseou:ty and maskaii each other.

The type of sigmal to be used and the means to activate it

are Important considerations. Several Ideas have been proposeoO.

Stomel (1954) envisioned a parent float which would release an,

explosive sinker and a compensating :loat to restore neutral bu'ny.

ancy at regular Intervals. #his wou.d require only one accurate

timing mechanism. Another method would set adrift a cluster of

neutrally-buoyant floats tied together by a neutrally-buoyant

string. At regular intervals, one float would release Itself,

flood a previously air-filled compartment to sink, or release

some ballast to ascend into the SOFAR channel, and generate a

signal to Indicate the position of the cluster. In this plan

more than one cl,ock might be necessary, but the extra payload

represented by the compensating floats wvUd be avoided.

For the development of the air-sea rescue network tich wns

one of the first practical applications of 8OFARO the only

• 0II*
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satisfactory long-range signalling devices were high energy

explosives such as INT. Since it was clear to oceanographors

that for ocean-wide signalling electronic methods would Oe iar

too inefficient, it is not surprising that the early proposals

referring to an ocean-wide Swallow float tracking system take

the use of explosives for granted. There is, however, a great

difference, both with respect to engineering requiremnts and

moral or political considerations, between a one-shot no-delay

rescue signal and an array of many tens or hundreds of oceano-

graphic survey floats equipped with high explosives set &drift

in international waters for long periods of time.

When the author became Interested in the tracking of deep

"currents by means of neutrally-buoyant floats in the sumer of

1963, the existence of on ocean spanning network of shore-based

SOFAR listening stations had become a reality as regards the North

Pacific and North Atlantic oceans. The time had come to develop a

neutrally-buoyant float with long-range signalling capabilities.

Some effort was given to the design of a safe and reliable explo-

sive float. This ws abandoned, however, not only for reasons set

forth In the previous paragraph, but also because handlirg and

storage of the floats prior to their release represented a grave

problem. Thus other sources of energy had to be found.

When a hollow body collapses under excessive hydrostatic

pressure, energy is released as a consequence of the work done
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by the water. If, for example, the body is a "-he-*:, CIAO *energy

is e uai to %no prooucT oi the vUiuaw ami iie jpirouru iL ; w A

collapse occurs. For bUOyancY, all Swallow floats have a lartre

hollow volume. To use the potential energy represented by thb s

volume is an appealing idea and a harmless one. Since Swallow

floats are designed to withstand nearly all pressures encountered

In the ocean, a method had to be developed to allow a controlled

implosion to occur at a specified pressure.

Another basic problem was to determine the amount of useful

energy that could be obtained from an implosion. It Is impossible

to do this In a liquid-pressurized tank of any finite volume; as

soon as the test vessel begins to collapse, the preosure In the

tank decreases substantially. A 1947 unpublished report of tie

Woods Hole Oceanographic Institution estimated without experimen-

tal evidence that at 1O00 pai a volume of one-half cubic foot w'.ld

release an amont of energy approximately equivalent to that ebtr.ined

from one pound of TNT. Even It this estimate were off by a factor

of ton, It might still be better to use Implosive floats rather

than to make extensive use of explosive floats.

This report describes in some detall the work undertakcti to

develop and study controlled Implosion devices. It also describes

a field experiment conducted to determine the useful range of im-

plosion devices for long-distance signalling.



11, INITIAL DflVEIAPNENTS

During the summer of 1963 Allyn C. Vine of the Woods Role

Oceanvographic Institution had In his po~xession several small

signalling devices designed to Implode at diIA'eront pressures..

These wore obtained to toot the usefulness of such devices In

ship-to-bottom echo sounding. Their Implosive volume was forrnod

by a cylinider, 18 inche& long with a diameter of 2.5 Inches, or

a volume of approximately 0.05 cubic feet.

Two such deviLces were made available to the author for a f.',Ld

teut In cooperation with the Geophysical Fieold Station of Columbia

UnIv.rnity at Ste David's, Bermuda. Both were met for 1880 psý.

which corresponds to the depth of the SOFAR Channel. around Ee~-ua

The devices viore placed an the fl/V Crawford which sailed on I

August 1963 from Woods Hole for Barbados, passing close by Borru%-

In addition to the devices, two smaa~' explosive charges were p*ý-t

on board equipped with 1800 psi pressure detonators. The chargesi

were equivalent to 1/18 lbs of TNT and wore needed to calibrate

the signals from the Implosion dovic.os.

The first explosive charge and Implosive device were *acih

equipped with ballast and th,-own overboard five minutes apart waher.

the Crawford was 94 nautical "Iles south of Bermuda* Six houi-s

later at a distance of 176 nautical miles the second pair was treated

similarly. At the expected time of arrival. for the iirst i.,plosi-vo
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signal a ship pauged over the hydrophone raising the noise level

muziicienisy 1o mama any incom•ag mignals. Fortunately, two ex-

plosive charles and the second imelos vs wimmal wra r D.AIvwO

clearly. A comparison of the records obtained from the second

explosive charge and the second implosive signal indicates that

tte implosJAVe sigma was equivalent in energy to 1/80 lbs of TNT.

Considering the volume of the device, It wan tentatively estimated

that at 1880 psi a volume of 4 cubic feet Is cpproximately equi-

valent in potential energy to I lb of TNT, vbich differs by a

factor of eight from the 1947 estimate of the Woods Hole Oceano-

graphic Institution (see page 5). The large distance over which

this implosion signal had been heard encouraged the author to rcon-

timae with the development of neutrally-bu•yant Implosive signrll.'.ng

devices.

The impli 've devices used in the Berwada floid test more

hollow cylinders, with a, stiff disc at one eand d a rupture disc

at the other. These rupture discs are commercially available and

consist of smal metal plates, slightly concave In appearance, and

prestressed in much a manner as to collapse under a knova critical

presmure. Their main purpose Is to guard against damage from ex-

ceslive pressures in Industrial fluid and gas installations.

The r•sults of the Berwida test inUldoted that for oceawwido

signalling larger Implosive vol Aes would be needed. It was PiAW)

.o.ar that larger rupture difts were required so that both the

*I
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length and the diameter of the floats could be Increased.

The largest inner diameter of tubing which has a wall thickness

which can withstand the pressures at depth in the ocean, yet still

is thin enough to be managable and inexpensive, is appro•imately

six inches. Rupture discs are not commerically available In this

size. The cost of developing them commercially proved prohibitive.

It was decided to try and develop rupture discs within the scope

of the project at the Massachusetts Institute of Technology.

It was assumed at once that the rupture discs should be made of

metal to have both the strength to withstand great pressures and the

ductility to deform and eventually rupture at critical pressures.

* In the deiegn of metal rupture discs, two considerations are of

prime importance. First, when rupture occurs, a disc should sh.at •-,r

rapidly and completely so am not to impede the forced flow of water

into the tube. Second, some fairly straightforward method to con-

trol the pressure at which a disc will rupture had to be developed.

TTo assure proper collapse ot the disc one surface may be scored

with one or more grooves running from edge to edge through the ca.'ter

and dividing the disc into equal sections. The optimm number of

groots had to be determined experimentally and was found to be 2.

A disc so scored will break Into four sections which fall freely

Into the tube. One score leaves two half discs, each of which iT.

too large to move freely. The behavior of discs with more than lO

scoroes as essentially identical to discs with two mutt ally perpon-
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dicular scores. Rupture wmold begin along oae groove and slightly

later start along a second groove. Once begun along a second grnove,

collapse into four sections would be rapid and complete.

That rupture will commence first along one groove and only later

along a second groove is due to the fact that the metal used ib

mill-rolled. The least strength Is perpendicular to the directiorn of

rolling in the plans of the material. Thus the material below the

grooves which lies most nearly perpendicular to the direction of

rolling will have the least resistance to tearing under deformation

caused by pressure. To counteract this undesirable behavior It

was decided that all discs should be milled so that the two smutually

perpendicular grooves would both intersect the direction of rolling

at a 450 angle. The effect can stll be observed, bowver, on an,-

disc subjected to incomplete rupture due to decay in pressure.

See Figure [1-1.

Besides determining a rupture pattern for a disc, the

grooves also cause the wmekness vtkch allows rupture to take place..

Since It is obvious that the deeper the groove the greater this

weakness, it senemd probable that ease sort of relation between

groove depth and rvpture pressure snisted. To examine this poqi-

sibility further, an instrument vmn made to hold a disc and subject

it to pressures up to 3000 pas In tbh Lydraulic pressure to*. of

the Woods Hole Oceanographic Institution.

The choice of metal to be used for the discs is at least

I' p
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Initially a question of taste. The author chose aluminum for

two reasonl0 Since the tubes themselves were to be made of

-_C -v A 71LWU A~

possibilities for attaching the discs to the tubes; besides

mechanical methods, welding could be oonsidered as a means of

fitting tubes with rupture discs. Also# since aluminum Is a

relatively weak material, thick plates would have to be used.

If it was found that the rupture pressure of a disc were depen-

dent on the ratio of the groove depth to the disc thickness, It

: would be easier to control this ratio with a thick aluminum plate

than with a thinner steel plate.

The Instrument used to discover If such a relationship doeo

indeed exist in showe in Figure 11-2o It consists of an aluminu.

tube vhtch rests on a heavy aluminum bottom plate. The bottom

plate also anchors six bolts which are used to tighten a steel

collar against the top edge of the tube. The disc to be tested

In placed with the grooves facing inward on top of the tube.

"I .. The collar Is placed over the disc. When the nuts are tightened

on the bolts, the 0-rings make the Instrument watertight even at

high pressures. The instrument Is then placed in the pressure

tank. When the tank pressure is increawd the disc will deform

until it ruptures since It Is supported by only one atmosphere of

pressure inside the tube.

A few Initial tests were performed on d1scs of thickness 0.250
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inch and 0.160 Inch with groove depth ranging from 0.006 inch to

Ueuuu inhon in@ gr]ovump vmre cut wiAh a • v-outTer, Tne saime

tool has been used on all discs treated In this report. It was

soon learned that the thicker disco ,ire not suitable for our

purpose. Even with very deep grooves they remained sufficiently

strong to deform without ever rupturing. Thus, all results re-

ported herein pertain to diso of thickness 0.160 inch.

The early tests in the Woods Hole pressure tank showed conclu-

sively that rupture pressure does indeed vary with groove depth.

Unfortunately, the accuracy of the results suffered greatly from

tw major faults of the combined system. The collar of the instru-

mernt shown in Figure 11-2 does not maintain a continuous clamp on

the disc as the pressure increases, for as the -rIogs compros.•

under pressure the tension on the collar provided Initially by

tighteting the six outs Is relaxed. Thus, ,Ithough a watertight

seal wem maintained, the disc could slide freely on the -tube and

in many tests with shallow grooves it deformed irregalarly and was

forced Into the tubes without rupturing.

The pressure in the tank at th.; Institution is built up by

S-smeans of a high-pressure smll-aisplacement compressor which forces

water into the taol. Since Insufficient precautions were taken to

prevent the oyelic hawmering of the compressor from affeoctine thc,

pressure in the tank, the pressure at all time fluctuated a&rund

its men by from 50 to 200 lbs per square Inch. This made it alv.st
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Impossible, to take measurements to the accuracy required.

It was decided at the time to try welding as a means of attaching

a disc to its tube. Two methods were tried.

In the first method, a disc of 6.625 Inch diameter was placed

symmetrically on a tube with an Inner diameter of 6.00 Inch and

an outer dianeter of 7.00 Inch. The exposed top of the tube and

the edge of the disc were, then fused together by means of Inert-

gap are welding. This type of bond did not prove strong enough

to withstand the deformation of the disc under pressure. Also,

since the disc vas rather small, It could be forced Into the tubi

at low pressures. See Figure 11-3.

In the second method, a disc of diameter 7.750 Inch was

placed symmetrically on a similar tube. The two wore fused to-

r ~gether by welding completely around the oomio joint of the tube

and the disco This type of joint mes strong enough to hold any

disc completely at pressures wp to 3000 pai. See Figure 11-4.

The second method is probably superior to the first because

the leverage exerted on the joint by the deforming disc is less

using the second method. It vas found that the behavior of th'.

welded discs was the same "s that of the clamped discs provided

that care was taken to prevent the disc from heating up during

'elding.

Since at least mne practical amean of attaching the discs to
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the tubes for actual ocqlanoraphic work had now been assured,

the design and use of am Instrument to study the behavior of the

disc. in detail became of prime importance to the project. Thc-

wor1 done to this end is described fully in the next three chap-

ters.

It
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Figure I1-i. Effect of the direction of rolling on the
rupture pattern when rupture pressure cannot

be maintained.
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I I _ _ _ II

Figure 11-3. Unsatisfactory method of walding a disc
to a tube.
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Figure 11-4. Satisfactory method of welding a disc
to a tubo.
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III. DESIGN OF A TEST INITRUUI0

study of rupture discs had to be Improved, the reuirements we:"e

quite clear from the work that had just been completed. The ex-

periments required a smoothly Increasing pressure mad a continuous

positive clamping ol any disn being tested. An additional require-

msnt became of great importance, however. Sinoe It was planned

to use these discs on neutrally-buoyant floats, their deformatic4

under pressure at all times prior to rupturing should be known

accurately in order to predict the effect of this deformation on

the relative buoyancy of the float. Thus some seaus of accurately

measuring the shape of the disc had to be devised.

F me effort we& dedicated to designing an improved pressure

system for the pressure tank at the Woods Role Oceanographic

Institution. Since the only vay 3 disc Inside the tank could be

monitored mes by means of lour electric leads into the tank, It

seemed that this approach would certainly become a time consuming

adventure in electronic telemetry. It mes therefore thought

advantageous to Invert this approach; rather than to subject the

diso to a high pressure onvironmsnt and deform It Into the tube,

one could build up the pressure inside the tube and deform the dims

outwards Into a one atmoespere %nvironment. With the latter approach,

the Instrument could sit on a laboratory beoch and the disc coild

'I
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be monitored visually at tal times, and Its deformation measurod

by means of micruoater dial gauges. With this new approach a

~**p~wWUiiw4 Lull4JLUUJ uUZI be auuo quite x.%jJy by using5 a

manual hydraulic pump sucki as is commercially available. Sinc;

the SOFAR Channel Is no,*ere deeper than 6600 feet, which cor-

responds to 3000 psi, a•.l that is required is a pwq) capable o0m

creating 5000 to 10000 psi. The problem of oontinmous cllmping

had yet to be solved, however, while a new problem was Introducad

by this now method.

It wa seme that the instrurmnt shown in Figure 11-2 uojld be

forced together at Its seems when under pressure from the outside

and so automatically tend to &#aI Itself. If mAch an Instrim3et

Is under pressure from the Inside, however, It will b& forced to

come apart at ita meana and thus be highly susceptible to leaking.

After some thought, an engineering approach was evolved which, if

successful, should solve both the loaking a=d the clamping proble".j.

Consider again Figure 11-2. Under promesre from the Inside

the t.Abe will eapov1d radially. The bolts, subJected to stresses

created by the outward pressure on the bottom, and on the dLic-

and-collar assembly, will stretch. This elongation would allow

the disc to left of9 thq tube so that leaking would occur. It As

know that if all ezpanslons remain within the elastic limit: o.%

the materials used, i.uoh axpansions are linear functions of V-,

applied stresses. Imaine that the dimensions of the tube ard
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bolts, and the numLer of bolts, are chosen so that the radial ex-

panican of th, tube and the lengthwise atratohing of the bolts,

ar. ;-2 zt Wz th*----t.-kc. :O--

of the tube be beveled at some angle and rest in a groove In the

bottou plate. Lot the outaido wall of the groove be beveled at

the same angle. Any radial expansion of the tube will force the

tube to ride up on this beleled surface and move upward relative

to the bottom plate. If the angle is chosen correctly, this rmotmt

of upward notion will exactly copensate for the stretching of

the bolts.

This action should guard against leaking provided, of course,

that the two joints are properly fitted with O-rings. Furthermwre,

if the angle is a little steeper than it needs to be, ,ontinucus

clamping action betmen the tube and the collar to hold the disc

should be asevred. The angle of the bevel cannot be made so steop

as to be nearly parallel to the side of the tube, for in that cast

rather than riding up in the beveled groove of thb "ttom *late,

[, The Instrument and its associated device -Figures

th1-e thbough bi1-n. Since the snstrioe t Is oxfmymtr~c,

rtguro 111-1 suffteas t show In exploded view . a•ly of the.

B 8ee Appendix B for the calculation* necessary to assure a cuf-
ficient safety factor Sn the overall design of the instrument,
and to ascertain that the expansion of the tube and bolts are
of the sam order of magnitude.
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several parts which ar, shown In full detail in Figures 111-2

through 111-6.

The bottom plate (see Figure Ill-2) is made of hft-roled

Ivteol plate, two inches thick with a diameter of 12.125 inches.

The hole in the center feeds hydraulic fluid into the chamber of

the tube. The large hole, two inches from the center, holds a

stopcock for draining the hydraulic fluids The beveled groove

three inches from the center accepts the tube. The fifteen holer

at 4.625 inches from the center are tapped for 3/4-16 threaded tie

rods which are used to hold the disc and collar firmly on the tube.

The six 3/8-10 holes at 5.750 inchos from the center hold six rods

"that support an aluminum table (see Figure 111-5) 4 Inches abonpe

the disc and colla. The table has holes in it through which probes

may be lowered to rest on the disc. The deflection of the disc can

then be masred by means of a micrometer dial gauge which eovcs

freely on the alumimnm table (see Figure 111-7)# The three 1/2-20

holes in the bottom of the plate accept three bolts by which the

whole Instrument is supported and leveled.

The tube (se Figure 111-3) In extruded from hot-rolled steel.

It was machined to be perfectly rouad and uniform from a piece

3-1/4 inch long. with a nominal inner diameter of 6 inches and a

nominal outer diameter of 8 inches. The dimensions of the 0-ring

grooves are apeolfted by the awnfacturer.

The collar (see Figure 111-4) is machined of a hot-roAltt

V
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steel plate, 2 inches thick with a diameter of 1L Inches. The

great thickness is required to equalize the pressure of the 15

individual bolts on the disc and tube. 7hee holes for the bolts

are made large for a loose fit to facilitate placement of the

collar. Note that the lower part of the collar wlich slides over

the tube 1I of sufficient diameter to allow for radial expansion

of the tube.

Figure 111-8 ahows in detail the rods and support rods requirad

to complete the pressure vessel. Figure 111-7 shows the instrusunt

completely assembled and In use. The five probes used to measur.

the disc are all 6.000 InchesO long. The probe used to monitor the

upward travel of the collar relative to the table and bottom plate

is 5.000 incses long. figure 111-8 shows the manual hydraulic pu'"

and the pressure gauges used. The pump is a Black Hawk P-30 with

a reservoir of 3 cubic Inches and a preassre capability of 10000

psi. The 0 to 5000 psi Acco gauge Is accurate within 25 psi which

Is also as close as It say be read with confidence. The gauge was

calibrated to read 2000 when subjected to a static pressure of

2000 psia The 0 to 200 psi Marsh gauge Is accurate to 2 psi but

cannot be read any better than 2-1/2 psi. It see calibrated to

read 100 when subjected to a static pressure of 100 psi. The

Marsh gSuge was used to compensate for the unsatisfactory reading

SCertain critical dimensions specified to three decimal, places
are asumed to be accurate within 0.001 inch.
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of the Aoco gauge below 150 psi. It is protected from pros-

sures over 200 psi by a high pressure valve. Figure 111-9 shows

a i u p v i e w a i t h m i n u i r u m en. a i t e r r e m. . .o. L. a l u m i n u m tr a h i e

and collar.

After the several parts of the instrument had been machired

they were assembled. Next the instrument ms leveled in order

to mnk. the top of the tube perfectly hori.tal. This vas nee-

essary so that the amount of air trapped between the disc and the

hydraulic fluid in the tube would be minuimied. The two beveled

surfaces and the lower 0-ring were lubricated with silicon grease

(Dow Corning stopcock lubricant).

When the Instrument uas first assembled, an aluminum disc

with a diameter of 7.000 inches and a thickness of 0.25C inch

me used to test all components. For this test only the deflec-

tion In the middle of the disc wus monitored. The pressure ws

slowly Increased to 3000 psi. When this pressure had been reached,

the center deflection us 0.749 inch. The instrument ms left for

half an hour to allow for oreMepge of the disc. At the end of this

period, deflection was 0.752 inch and the pressure bad dropped to

2775 psi. Again the pressure wus brought to 3000 psi. No notice-

able change in the center deflection was observed. After two hours,

the dims had ecor to equilibrium, with a center deflection of 0.71'3

inch and a pressure slightly below 3000 pai. The pressure was

again carefully inrease to read exactly 3000 psi. Since

1 6
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absolutely no change in the center deflection ws observed, the

apparatus mew left under pressure for 24 hours. During thin pcriod

This test vne repeated twice more wdth similar discs. Since

the same *attern of behavior occurred each time, it was clear tha"

the instrument did not leak significantly. Examination of the

edges of the discs &lso showed that the clasping action of the

tube and collar mae quite sufficient at all times during any test.

During the construction of the test instrument, the literature

mea searched to discover if any test similar to those about to

be made had ever beim conducted. The next chapter deals more

fully with this aspect of the work.

'S
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Figure 111-7. The pressure vessel completely assembled
and In use.
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Figure 111-8. The manual hydraulic pump (Black Hawk P39).
The Acco gage Is on the left, the Marsh gage
Is on the right.
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Figure 111-9. View of the pressure vessel after removal
of the aluminum table and the steel collar.
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IV. THEORETICAL OtNSIDEMATIONS

The purely theoretical investigation of the deformation of

metals undar stress is still mainly a study in mathematical

modeling and has only the basic concepts in common with the

englneering approach to the problem. Thus Ahle the work of such

mathematicians as Sir A. E. H. Love (1944) is of great interest,

ei the more pertinent information for the purposes of this report is

found in the experimental studios conducted on the behavior of

.1~ metal plates under pressure. All such engineering studies are

concerned with the deformation of plates to an extent wel), short

of creating permanent undesirable after effects. Thus all In-

formation that is found in the literature concerns behavior within

the limit of elasticity of the metal.
Since the purpose of this project is to study the behavior of

sa pecific material well beyond its elastic linit, most previous

Information has little bearing on this work. If one also keeps

in mind that for this project each plate is deliberately weakened

be scoring it, ose realles that this investigation is quite far

removed trom all other deformation studies.

The two Important parameters which distinguish this series of

experiments from all others performod on circular discs of similar

dimension are the thicknoss of the disc (h), and the ratio of the

deflection at the center of the disc (w.) to the thickness of the

l0

t.
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the behavior of discs out from materials usually employed for con-

straction and engineering purposes. While the thickness of those

metals usually ranges from .005 inch to .030 inch, this study deals

with discs cut from aluminum sheets that are .160 inch thick. Where-

an, for most metals that are deformed within the limits of elas-

ticity, the ratio w/h Is less than 1, in the experiments presented

here this ratio is consistently greater than I for the values oi

pressure of interest. Indeed, for moat discs this ratio becomes

as great as 5 or 6. The significance of the ratio w A is due to

the fact that we are dealing mith rigidly clamped circular plaetoe.

When a rigidly clamped circular plate is subjected to a moderate

normal pressure distributed evenly over the plate, resulting n 4.

deformation such that V/h < 1, the deflection* observed in the

plate are caused by local bending moents. That is, each indivi,.ual

sectior of the plate behaves as if it were supported freely at

its ends and deformed by a deflecting force applied locally near

its geometrical center. Under these oonditions the plate is knri•n

as a Kircbhoff plate (Nadal, 1925). Assuming a plate of uniform

arose section, its profile will be symmetrical under in.iform pres-

sure and may be described by relating the deflection w at a distance

r from the center of a disc of radius a to the deflection at

the center:

r
I'
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w a0

The behavior of a Kirchhoff plate 1I characterlsed by the

absence of significant long•tudlma stresses In the discm and a

sero slope at the clasped edfe of the disc. For from (1)

22

dr 201 a a2

which vanishes at r = a.

As the normal, evenly distributed pressure cnses to be

moderate and becomes great or excessive, the resulting deformation

Is characterized by w/h > 1. Now the longitudinal stresses created

in the plate, due to the stretching of the material as it deform

between clamped edges, booome of far greater importance then locas)

bending mmients. For thin plates, the yielding caused by stretch-zng

will quickly spread over the entire plate, which will then tend to

go into a spherical equilibrium surface like a membrane under con-

stant tenslon. The shape of the deflection profile Is given by

W r-2 (2)

In this study, however, we are dealing with relatively thick

plates. Since greater *train@ occur when a thick plate is bent
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sharply than when a thin plate Is bent sharply, the yielding in

a thick plate will tend tc be localized at the edge of a plate,

due to the s-harp change in slope at the clamped edge. The shape

of the deflection profile will approach that of a plate with

freely supported edges (Nadal, 1925):

2 4
%,• = I-- 1.245 - + 0.245 - (3)a 2  40 a a

The relation between center deflection and pressure for an

elastic plate of medlum thickness with rigidly clamped edges has

been investigated by approximate methods by a number of authors.

Nadal (1925) derived the relation

WO w Va4
S1.583 -2) = - -u (4)
Iih 16Eh

by solving the differential equation for a plate with large deflec.-

tion (w /h > 1) subjected to a nearly uniform pressure distribution.
a

In this and the following equations the symbols hav the following

meanings:

w0 = center deflectlion (inches)

h = thickness of disc (inches)

p = pressure (psI)

E = Young's modulus (psI)

u = Polsson's ratio

a = radius of the dlsc (inches)
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w w 3 4

-2 +0.488 (-) = () (I - u)
h h E h

on the basis of an assumed radial displacement combined with energy

considerations. Federhofer (1930) obtained

a0 (19 - 9u)(1 + u) o 3n u4 2 )

from the differential equation of the problem together with a suit-

able assumption for the radial distribution of Wmrww tension.

The material used in the experiments to be described was

tempered aluminum of type 24 ST 3. For this material, Young's

modulus CE) Is 10.5 x 106 psi and Poisson's ratio (u) is 0.33.

With these numbers the value of the coefficient of the term (w/hb) 3

In equation (6) Is 0.533, which Is midway between the corresponding

values In equations (4) and (5).

While the three equations predict the same central deflection

of a disc as a function of pressure, differing only for values of

(w/h) siegnificantly greater than I it was decided to plot the
curve yi.elded by Nadal's equation (4) mines In his work he not out

specifIcally to study plates with center deflection greater than
I . the thickness of the plate. Using equation (3), the deflections

at a distmew of I Inch and at a distance of 2 inches from theI
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center are also calculated. It is of interest to comnare these

curves with those obtained by measuring the behavior of a thick

disc without grooves which is subjected to normal pressures in

the Instrument described in Chapter III. See Figures V-la and

V-lb.

The reoader can ee from the above figures that the theoreti-

cally predicted behavior and the actual behavior of the disc as

it responds to Increasing pressure are quite similar. It is

obvious, however, that the maitude of the deflections predicted

by the formula are too small by a factor of 3. This Is without

doubt due to the fact that the principles behind the equation used

for the comparison are violated in a wwber of vys. First,, the

Sdisc wae stressed far beyond its limit of elasticity causing the

Sratio woh to be unusually large. Secondly, the disc was far

iithicker than any that are usually considered. In the case of the

grooved discs, the grooves represent a third and no doubt the most

flagrant violation of the assumption@ on which the theoretical

formulas are based.

II
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V. EXPE!RIIENTSJ AND) INhSULTS

A. Prelilmnarlem

Before going into a detailed discussio.n of the experiments

and their results, an explanation of the technical aspects of

obtaining data ulth the instrument described in Chapter III iu

in order. When the bottom plate has been assembled and the tube

set into it, the instrument must be made perfectly level. Then

hydraulic fluid can be poured Into the tube until it reaches the

top edge of the tube uniformly around the circumaerence. This

minimizes the volume of air that 1P trapped between the fluid and

the dimo to be tested. Although the amount of air confined under

the dice Is of no concern regarding the behavw.or of the disc under

pressure, the amount of potential energy storec In the compressed

air and released upon rupture of the disc Increases in direct pro--

4 portion to the amount of air trapped. Since the release of this

energy manifests itself through loud explosive noises and the for-

aIble ejection of a large amount of hydraulic fluid through the

ruptura, it is desirable to miniamie the amount of air confined

under the disc.

Another reason for leveling %he top of the tube before eacii

experiment in to avoid the systematic error that would be intro-

duced into the readings of the dial gauge if the aluminum gauge

table and the disc ware not parallel to each other. By making

I
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both the top of the tube and the gauge table level, the disc and

the table will be parallel with a deviation of less than 0.001

inch over the width of a disc.

For this set of experiments the aluminum table was equipped

with probe holes •o that the deflection of a disc could be measured

at its center and at distances (if 1/2, 1, 1-1/2, 2 and 2-1/2 inches

from the center at angular Intervals of 450 about its circumference

(see Figure 111-5). If it we" found during the experiments that

the behavior of some or all discs was so irregular that more probe

holes were necessary, they could be added as required. Since it is

r of Interest to measure the deflection along a grooved radius, and

also along a radius between grooves, the discs have to be placed

on the tube so that the two mutually perpendicular grooves fall

precisely below ÷we mutually perpendicular lines of probe holes.

d If all holes in the table corresponding to locations on the

disc that needed to be monitored vere equippee with probes, It

would be Impossible to aet the dial gauge and its support upon

the table to take the measurements. Therefore only five probes

were used and as soon as the center deflection for a given pres-

sure had been measured each radius of five probe holes was measured

in turn. The probes wore moved as necessary.

To be sure that the same location is monitored each time,

each disc wazst be marked to show the location for the probes at

the correct angular Intervals and distances from the center before
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It is placed on the tube. By doing this a probe can be removed

and placed repeatedly, deviating from the required location by

no more than 1/64th inch in any direction.

When the disc Io marked it is placed on te the a cwith the

hrooves facing outi Thir it done to simulate the attachment ot

a disc to a neutrally buoyant flout where the grooves face into

the float to protect he grooved surface from the environment.

The collar is then positioned over the bolts and lowered onto t.ip

disc. Each bolt is then fitted with a flat washer and a nut. To

teke up the initial slack provided by the two O-rings, all n'its

are tightened t-o,.sntially to 25 ft-lbs of "orque. To prevent an

lc.csease of pressure due to the compression caused by tightening

the nuts, the stop cock in the bottom plate is zpened to allor

hy!raulic fluid to escape while the nuts are being tightened. The

al'.mnum table In thef, placed on its six 5upporting rods. It is

leveled by means of any three rods Located at 1200 intervals. When

level, the table is secured by tightening th& nuts cxi these three

rods. The other three rods are then Mjusted to provida additional

support for the table and also secured by tightening their nuto.

When analyzing the data obtained from th; 'rEperiments, It in

annumed that all discs are init:!-ly perfectly flat. In practice

this is never true and it is therefore necessary to measlire the

profile of the disc before pressure is applied to it, When th.3

pressure in the mytm increasem, the tube and collar move up



43.

relative to the table. This motion would introduce an error in

the readings if it were not monitored. The convention cstablished

for all experiments was to adjust the dial gauge to read "zero"

at zero pressure when placed on the probe that monitors the collar.

hLhn probe has a length of 5.000 Inches and is 13ft in place throug.;-

out the experiment. Since the difference In height between thn

t•p of the collar and the upper surface of the disc is 1.000 Inch,

and the probes used to measure the disc are 6.000 Inches long, tije

initial profilces usually sh•- a deviation from flatness ranging

between plus and minus 0.010 inch. Thus any measurement at a giver,

location for a given pressure has to be corrected by subtracting

from it the reading on the collar at that pressure and the initial

deviation from flatness for that location.

When a piece of metal is subjected to a deforming stress oi

constant magnitude the rate of deformation will decrease as the

piece approaches the state of equilibrium appropriate to the applied

stress. This phenomenon is known as creeping. Due to the creeping

of metals there Is j Uistinct difference in method, if not reault:ý,

between subjecting a disc to a continuously and rapidly increasing

pressure and subjecting such a disc to a discretely and slowly

increasing pressure. It is this latter method that had to be am-

ployed in the experiment due to the nature of the instritment. For-

*unately this latter method is a good representa.eon of the prcssure

function to which a disc is exposed when attached to a float sinking
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in the ocean.

When a float adjusted to be neutrally buoyant at some depth in

set overboard it may take as long an eight hours to reach .ts

floating depth. Thus although the pressure increases continuol•sly,

It does so very slowly allowing enough time for creeping. While

it would be ideal to subject the discs to a slowly increasing con-

tinuous pressure function, a slowly increasing discrete pressure

function should yield satisfactory results. With this in mind,

the pressure on any disc In the Instrument has to be increased

slowly, and before any measurements at a given pressure can be

made, sufficient time has to be allowed for creeping to be completed.

Pi
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B, Te xnerimental Prorarm

an was pointea out previously, the purpose of the experiments

was to find whether anv consistent and nredictablo relation exista

between groove depth and rupture pressure, and to study the defor-

mation and behavior of the discs before rupturing. For this pur-

pose, about 60 discs were cut, each disc having a diameter of

7-3/4 inch and a nominal thickness of 0.160 inch. The true thick-

ness varied locally in each disc between 0.158 and 0.162 inch.

The discs were divided into groups of 3 to 6 discs each. All discs

in a given group were scored with two mutually perpendicular grooves

of a given depth, each 0.00 inches long, and bisecting each other

in the center of the disc. The depth of the grooves ranged from

0.012 to 0.050 inch. The choice of these depths it based on the

preliminary experiments described in Chapter 11. The tool used

was again a standard 600 V-cutter.

Theoretically, a flat disc with uniform thickness throughout

will deform with axial uymstry when subjected to normal pressureso

This was observed to be true when testing the instrument and when

measuring the deformation of the disc without grooves, but there

is no reason to assume a priori that a disc with grooves will also

deform with axial symtry. Thus tt will be of interest to observe

the differences in the deflections measured along a groove and be-

tween grooves. Furthermore, since the matqrlal used In rolled

aluminum of type 24OT3 and has a Geff-nite grain running the length
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of the rolled sheet as was discussed in Chapter II, It will also

be interesting to aee whether or not the grain causes any marked

differences between the measurements obtained on the different

parts of the disc.

During the preliminary experiments at Woods Hole it was ob-

served that actual rupture Is a very fast process. Sineo rupture

occurs when the longltudinal stress created In the material by

deformation becomes too severe to be withstood by the thin portion

of the disc under the groove, the process of rupture probably con-

sists of two phases. First, as tearoing u to excessive stress co:'-

menonc, there will be a fairly rapid additional deforming of the

disco This will continue for only a short time, however, for vhe

next phase, failure will follow iamediately. Since this is a cor-

tinuous and rapid process, it it doubtful that one will be able to

observe It with the Instrument of Chapter 111. High speed photo-

graphio techniques would bm better for observing actual rupture.

An can be seen in Figure V-l, the deformation of a disc, even

without grooves, is quite considerable. If such a disc were pla(,3d

on a neutrally-buoyant float its contribution to the change In the

volume of the float as It sinks might be so large as to destroy the

neutral buoyancy of the float. It was observed from the experimont

performed on the disc without grooves that, after the disc had bnen

subjected to a pressure of 2400 psa with a center deflection of

0.885 inch and than removed from the instrument, it retained its
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shape with a center deflection of 0.747 inch. The question was

raised whether a grooved disc of known rupture pressure that had

been preformed at a pressure just below its rupture pressure Would,

when placed in the instrument again, rupture at a pressure and

with a center deflection equivalent to those of a similar disc

that had not been preformed. If this were the case it would be

a simple matter to preform discs for oceanographic purposes and

thus greatly decrease the effect of the volume change of the disv

"on the buoyancy of the float.

With the consideration in mind the experimental program was

divided into two distinct parts. The first concerns those dimsc

that were deformed and ruptured directly, while the second part

concerns those discs that were preformed before rupturing. The

"pertinent data regarding the first set are collected in Table V-l,

while the data for the preformed discs are collected in Table V-2.

In both tables the numbers in the first column are merely means

for Identifying the disco, while thu second column shows the grocve

depth for each disc.

In Table V-1 the third column shows the pressure at which each

disc ruptured. Note that the rupture pressure is always given in

Swhole multiples of 25 ps b this being the limit of the accuracy Cu

the pressure gauge. The fourth column shows the average rupturc

pressure for a set of disc. with equal groove depth. The high and

low deviation limits are also shown. The fifth column shows the
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maximum percentage deviation of the rupture pressures for a given

group of discs to facilitate conparison between groups of discs.

sti mixth column shows ror each disc the average rate of deflection

of the center in thousandths of an inch per psi of supplied norzal

pressure. This ratio is a measure of the relative amount of longi-

tudinal strain to which a disc is subjected before rupturing. The

next column shows the average of this ratio for each group of discs.

The eighth column sho'.a the average center deflection of each group

of discs at rupture. The last column identifies those individual

discs whose behavior before rupture is shown graphically.

In Table V-2 the third and fourth columns show respectively the

pressure at which a disc was preformed and the length of the forning

time. The fifth and sixth columns show the defleotion at the center

during forming and after removal from the instrument. Thus the data

in the sixth column are a measure of the permanent set of each dise.

The oeventh ooiumn shows the amount of time that elapsed before the

preformed disc was placed in the instrument to be ruptured. The nlxt

two columns show respectively the rupture pressure for an individual

disc and the average rupture pressure for a group of preformed diocs.

Again, the high and low deviations are shown. The tenth column shows

the percentage deviation for each group of discs. The lant column

Identifies those individual discs whose behavior after forming and

prior to rupturing is shown graphically.

L

I
a,
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Exaination of Table V-1 and V-2 shows that there exists a

definite inverse relationship between the groove depth and rupture

pressure for both types of disco. This inverse relationship is

shown graphically in Figure V-2. Tho horizontal axis shows the

inverse of groove depth in thousandths of an inch multiplied by•

160 to yield quantities of order unity on that axis.

Both sets of points seem to form a straight line indicating

that the inverse relationship is exact. Straight lines have been

drawn through both sets of points to indicate this. Note that both

lines intersect the horizontal axis at or near the point '.. This is

encouraging, for one would expect that a disc 0.160 inch thick vitlh

grooves that are 0.160 inch deep would indeed -upture at 0 pal.

The two straight lines have nearly the sawe slope, am can be

seen by examining Figure V-2. Provided that the deviations of

rupture pressure from the straight line curves and the variation

in rupture pressure for similar discs can be explained, it would

appear that a preformed disc ruptures at the same pressure as a

similar disc that has not been preformed.

Since more poInts are available for the directly ruptured ditos,

the curve paasing through those points is assumed to be the more

watt of the two. Its equation is

p
p = 216n (2 -n 1)

where P is the rupture pressure in psi and D Is the groove depth in
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thousandths of an inch. Then,

d D2

Thus for a nominal groove depth of 0.050 inch a variation in the

depth of the groove of 0.001 inch will. cause a variation in rupture

pressure of 14 pal. When the uncertainty of the pressure gauge is

added to this, the minimuM expected variation in rupture pressure

for discs with grooves that are 0.050 inches deep is 39 psi. The

sawe reasoning yields an expected variation In rupture pressure for

discs with grooves that are 0.012 Inch deep of 265 psi.

Whereas the accuracy of the milling machine used to cut the

grooves can be expected to be within 0.001 inch, the author fe~1s

that the variations in grocve depth causing the observed scatter

in rupture pressures Is caused mainly by the local variatiors in

the thickness of the discs. For when the V-cutter is used to oat

a groove it is started at a given location on the disc where the

thickness Is assumed to be 0.160 inch. Due to the local variations

In thickness, the average thickness of the disc can easily vary by

0.001 inch over the length of the groove. When this error is added

to the Inaccuracy of the milling machine the actual depth of the

groove can easily vary by more than 0.001 Inch yielding appreciable

variations in rupture pressure.

Thus it is clear that the observed scatter in rupture pressures
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is to be expected. It may now be stated that both fnr dir1i

rt',tured discs and for preformed discs, the rupture pressure P in

psi is a function of groove depth D) in thousandtho of an inch aa

given by the following relation:

P = 216 M! -l)
D

If the reader examines Table V-2 he will note that in preformed

discs many different combinations of forming time and aging time

were used. This was done to see whether some consistent relation

exists between forming time a=d/or aging time and rupture pressure.

This is not tha case, as ws to be expected. For once a disc has

been placed under pressure and creeping Is completed, or once I.t has

been removed from the instrument, it is in sttic equilibrium •Ath

its environment so that no changes in Its character should appear.

Figure V-3 shows that the average rate of deformation of a disc

is proportional to the depth of the grooves cut in the disc. The

relation is not linear, which is to be expected. As the groove

depth approaches the thickness of the disc, It Is only logical th•t

the rate of deformation should increase rapidly, approaching in-

finity as the thickness of the disc below the groove approaches

zero. Similarly, for very shallow grooves the relative thickness

and strength of the disc changes much slower than the relative

groove depth, yielding a slowly changing rate of deformation as a

function of groove depth for shallow grooves. The main purpose of
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Figure V-3 is to aid in calculating the center deflection of a

disc at rupture. This Is done my multiplying the average rupture

p'iiiui.w .uA- dimce of a given groove depth by the average rate of

deformation of those dinus as obtained from Figure V-3.

The data in Tables V-1 and V-2 were obtained from detailed mea-

surements on approximately M0 discs. The data pertaining to some

of these discs are shown graphically in Figures V-4 through V-11.

For all discs readings were taken along both grooved diameters, sad

along both diameters at 450 to the grooves. After the first few

discs were deformed, it became evident that all discs, Independr.:t

of the grooves or the depth of the grooves, would deform with axial

symmetry, exactly like a disc without grooves. Although the mr-gni-

tude of the defleotions did vary with groove depth, the manner of

deforming did not differ from disc to disc. For a given group of

disos with equal groove depth it was found that the magnitude of he

observed deflections never varied hy an amount greater than the in-

herent inaccuracy of the system. With this in mind, Figure V-4 through

V-1i are drawn to represent a cross-section of the groove depths

tested in the experiments. Each figure, although showing the data

for a particular disc, may be regarded as representative of all discs

of the same groove depth.

Each individual figure consists of four :raph*. Each set of two

graphs, marked (a) and (b), allows the reader to compare the bohav'or

of a disc along a groove and between grooves. The two directions to
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be graphed were picked at random. Figure (a) shows the deflection

as a funtion of pressure at the center of the disc, and at dis-

tancea of one and two inches from the center. Inspection of a few

graphs will show three distinct regimes of behavior. For pressures

below 40 psi, the deflections are linear and elastic. As the limit

of elasticity is approached, between 20 psi and 40 psi, the char-

acteristic curve becomes non-linear. Once th. limit of elasticity

has been exceeded the deflections are again linear functions of

pressure but with a ma~ller slope. The most Interesting deviation

from linearity is shown in Figure V-5a. This seems to be an example

of a disc originally more ductile than the others being work-hardened

and finally becoming stiffer than the other discs. Its average rate

of deformation and rupture pressure were not affected.

The profiles of the discs at different pressures are shown In

figures (b). Note the remarkable symmetry in all cases and the

s-imlarity of the profiles along a groove and between grooves. It

Is of Interest to note that, Judging from their profiles, all discs

seem to behave like membranes under i.nnfora tension rather than

thick plate. rigidly clamped at the edges.

Figures V-9 through V-12 pertain to pre-formed discs. The main

difference is, of course, that the deflections at 0 psi are quite

substantial already, and that the profile at 0 psi is not flat.

Rote In tigbreos (a) that tho elamtic regime Is absent. Thms. 1 to bp
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those at which elasticity may be observed. Note also that near

rupture the deflections of the preformed discs are of the same

magnitude as those of the directly ruptured discs.

Once it has been ascertained that all disco deform with axia.

symmetry, the center deflection at ruptur. :-s the nnly quantity

needed to calculate to a good approximation the change in volume

contributed to a float by P deforming disc. The reader Is re-

ferred to Appendix C for an explanation of the method used, and

to Figure V-12 for the curves showing the change in volume as a

function of rupture pressure or depth for preformed disco and for

directly ruptured discs. Although the point@ plotted indicate

straight line curves, both curves have been drawn through the origin

for reasons of contlnuity. It is intnresting to note that for

directly ruptured discs the change in volume ranges from 3.30 to

13.58 cubic inches, while for preformed discs that rupture at depths

of interest to oceanographers, the final change In volume lies

between 2.54 and 3.04 cubic inches. It is obvious that for ocean-

ographic purposes the use of preformed discs would be preferable

and It remains to be shown In the next chapter that their use is

also practical.



C LUncertntintilesi!the M.eanur,,ments

'Me largest inoccuracy in the measured deflections Is caused

by the 25 psi uncertAinty that is inherent in the readings of

the Acca presure gauge. Since the average deformation at the

center of the discs ranges from 0.0003 to 0.0005 inch per psi,

the uncertainty in a measured deflection ranges from 0.0075 to

0.0125 inch, depending on the gruove depth of the particular disc.

As the measurements are tacen at increasing distance* from the center,

this uncertainty becomes smaller, ranging from 0.0065 to 0.0109

inch at 1 inch from the center and from 0.0041 to 0.0068 inch at

2 inches from the center.

A second source of significant inaccuracy it Introduced by the

practice of replacing the probes before each measurement. As was

explained before, each disc is marked to indicate the proper loca-

tion of the pointed probes, and when placed carefully no probe will

deviate more than 1/64 inch in any direction from Its required

location. The worst case occurs during the maximum deformation of

a disc, for then the average slope is a maximum. Any error in the

horizontal placing of the probe along a curve of maximum slope will

result in a maximum uncertainty in the reading of the dial gauge.

In these experiments the greatest observed center deflection was

0.875 inch at 2400 psi. T'he average slope is then 0.292 causine a

maximum possible uncertainty of 0.005 inch. In actual tests, re-

peated readings during this worst conditions showed that no two
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.i !hr- ';;itn, Iooi,,ion c+vver diffor'dt by more than 0.003

I l,,w i'r. ; iond :zihllx:or deflctions this error be- I
•1I I i(:,rmttLy ;m,1 i r.

'Ahiei ,iUr~cjo ilnnccuracy are present in the ilstrument but

tlILlr 'ontribution to the total inaccuracy Ik. consistontly lees than

0.001 inch. The dial gauge is accurate within 0.0005 inch. Uncei-

tainties due to uneven travel of the tube with respect to the bottos.e

plate were measured and found to be less than 0.001 inch. Uncer-

tr 1 nties caused by variations In the actual lengths of the probes

are also less than 0.001 inch.

- Whereas in the worst case, a maximum uncertainty of 0.016 inch

in the measurements may be expected, the average maximum uncertainty

will range from 0.005 to 0.008 inch. Since the average deflectic,ý

is approximately 0.300, Inch it follows that the instrument operates

with an average uncertainty of 2 percent.

A source of uncertainties whose magnitudes are difficult to

estimate is the variation in thickness and composition of individ,.al

discs. Since it is known that the thickness various randomly by

2 percent, one may assume that the uncertainty contributed by vayla-

tichs In the material is at leant 1 percent. Tbus, bearing in mind

that the instrument operates with a 2 percent uncertainty it is clear

that the curves in Figures V-4 through V-i2 deviate from true curvez3

for perfect discs by as much as 5 percent.

06e
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Figure V-2. Relation between rupture pressure ind groove depth in
thousandths of an inch.
Top: For discs directly ruptured.
Bottom: For pre-formed discs.
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Figure V-3. Relation between average rate of deformntion in thousandths
of an inch per psi of applied normal pressure and groove
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Data pertains to directly ruptured discs only.
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Figure V-4b. Prof iles through center of disc (disc no. 49).
Top: Between the grooves. Borttom: Along a groove.
Groove depth: .050 inch.
Average Rupture Pressure (discs no. 49, 50, 51, 52): 463 psi.
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Figure V-5a. Deflection vs. Pressure aL several distances from the
center (disc no. 4).
Top: Between the grooves. Bottom: Along a groove.
Groove depth: .030 inch.
Average Rupture Pressure (discs no. 4, 5, 6): 842 psi.
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Figure V-6a. Deflection vs. Pressure at several distances from tho
center (dLsc no. 8).

2 Top: Between the grooves. Bottom: Along a groove.
Groove depth: .020 inch.
Average Rupture Pressure (discs no. 7, 8, 9): 1392 psi.
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Figure V-6b. Profiles through center of disc (disc no. 8).
Top: Between the grooves. Bottom: Along a groove.
Groove depth: .020 inch.
Average Rupture Pressure (discs no. 7, 8, 9): 1392 psi.
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Figure V-Ta. Deflection vs. Pressure at several distances from the
center (disc no. 10).
Top: Between the grooves. Bottoms: Along a groove.
Groove depth: .016 inch.
Average Rupture Pressure (discs no. 10, 11, 15, 16): 2056 psi.
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Figure V-8a. Deflection vs. Pressure at several distances from the
center (disc no. 56).
Top: Between the grooves. Bottomi: Along a groove.
Groove depthi .012 inch.
Average Rupture Pressure (discs no. 53, 54, 55, 56): 2633 psi.
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Figure V-9a. Deflection vs. Pressure at several distances from the
center for a pro-formed disc (disc no. 12).
Top: Between the grooves. Bottom: Along a groove.
Groove depth: .030 inch.
Average Rupture Pressure (discs no. 12, 13, 14): 875 psi.
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Figure V-9b. Profiles through center of a pre-formed disc (disc no. 12).
Top: Between the grooves. Bottom: Along a groove.
Groove depth: .030 inch.
Average Rupture Pressure (discs no. 12, 13, 14): 875 psi.
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Figure V-l0a. Deflection vs. Pressure at several distances from the
center for a pre-formeJ disc (disc no. 30).
Top: Hetween the grooves. Bottom: Along a groove.
Groove depth: .022 inch.
Average Rupture Prer'sure (discs no. 29, 30): 1450 psi.
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Figtae V-l0b. Profiles through center of a pro-formed disc (disc nio. 30).
Top: Between the grooves. Bottoma: Along a groove.
Groove depth: .022 inch.
Average Rupture Pressure (discs no. 29, 30): 1450 psi.
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Figure V-11a. Deflection vs.* Pressure at several distances from the
center for a pro-formed disc (disc no. 45).
Top: Between the grooves. Bottom: Along a groove.
Groove depth: .018 inch.
Average Rupture Pressure (discs no. 45, 46): 1875 psi.
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VI. OCNANGAPMHIC APPLICATIONS

Tto experiments described in the previous chapter have sho=n

that a preformed disc undergoes a far smaller change in volume before

rupturing than a flat disc. It remains to be shown that even with

that small volume change a float equipped with a preformed disc cr

remain neutrally buoyant.

To use a typical case as an example, assume that a float Is

releas"d to be neutrally buoyant at a depth of W00 feet and to

implode eventually in the SKlAR channel at a depth of 4000 feet.

Assume that the float consists of an aluminum tube of type 0061-TO

with an outer diameter of 7.0 Inches and a mall thickness of 0.5

inch.

At the surface the density of the float mast exceed that of the

sea vater in order to sink. At a depth of 2000 feet the seamwater

"wil3 have increased its density by 0.22 percent (von Arx, 1962). As

the tube sinks it beWome oampressed due to the Ilncreasing pressure

of its environmnto The change r in the outer radius R2 is 8iver. by

31 + (it1/it 2

r - - U
I - ARI/V) 2

V&*r* •is the inner radius, p is the exterior pressure, 2 is

Young's modulus, and u In Poissen's ratio. At a depth of 2000 feet

the value of r Is -0.0019 inch, causing a decrease in the volume of
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the float of 0.11 percents MLnce this change is very small the

approKimate increase i* the density of the floa' contributed by the

Cocreseing tube will also be 0,11 percent. Thus for the float to

be neutrally-buoyant at 2000 feet the increase in the density of

the float due to the deforming rupture disc can be no greater than

0.11 percent. If it were as great as 0.11 percent, the float would

change its density at exactly the sae rate as the seauter sur-

rouniding it as it sank. This meon that any amount of negative

bbuoyancy Imparted to the float at the surface to make it sink Initially

W wod cause the float to remain heavier than the water surrounditg

it, ead go directly tO the bottom of the ocean. Therefore, to

assure that the float can be made to sink at the surface yet still

become neutrally-bucyant at 3000 foot, cme must be certain that the

float will Increase Its density at a significantly slower rate thvar

the seauter through whjich It sinks. Thus assme that the chanlge

in the density of the float contributed by the deforming rupture

diso saould be no greater than, say 0.06 percent. Then the chena:

In volume of the float at 2000 foet due to the deformed disc should

repremset no aore then 0.05 percent of the original volume of the
:di5Cusa fl be .tpwct st el000 eebt e Inches (seord digsr shoU'
float$

At a depth of 4000 feet there rupture scurs the volume chance
• ~ ~of the d4Ul• 411 be appropritely 3 Cubic Inches (am8 Figur'e V-12).

U1nce the cen-kr delletontl changes linearly v~th depth (see Fitsuro

V-Ila) and th ol is almos t directly proportionl to the cnntor

LI
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deflection (see the table In AppendIX C, column 5), the volume

change at 2000 eoot would be approaimately 1-4/2 cubic inches.

24..4- 4 s..4 -.- 1- tha Ak. A& pzr%* of4. 4-h- ... 4.4...i .-r.a

of the float, it follows that the smllest float that will achieve

..i mneutral buoyancy with a preformed disc has a volum of 2800 wchic

inches# For a float with an outer diameter of 7,0 inches this

meow a minimam length of 65.0 Inches, or apprunimately 5-1/2 feet.

All the abwe assunes, of course, that the opposite end of the tubu

is closed by a thick disc wbich undergoes negligible deformation.

Considering the minim= dimensions for the float of the oxar-plr,

It is clear that the use of ntrally-buoyant floats equipped with

pre-formed rupture discs for signalling purposes is certainly ,rac-

tical, provided that the amount of energy released by the iqpl3. .5

is detectable over distasose of the order of hundreds of miles,

rather than miles as Is the case with most electronic sl*aallija

devices used presently with noutrally-btuyant floats, In order *o

determine mo precisely the distance over vhich lmplosions cause.:

by ruptured discs would be audible, a field experiment was n-

ducted In July of 1964 using the •O•AI listening stations of tho

Pacific ifssile Rane and the facilities of the Bureau of Comercia]

Fisheries, U.S. Fish and Wildlife Bervice, in Honolulu, Haeaidl

Sines for this field ewperiment neutral buoyancy was of no

considerationg, the devices ware meafacturd from aluamnum tubes

of type 6061-TO WLth an outer diameter of 6.75 inch and an irxer

'9.
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diameter of 6.00 inch. The rupture dimes were nade of aluminum

of type 24ST3, with a thickness of 0.160 inch, and a diameter of

7.50 Inch. Each disc wass provided an one side with two nutualty

perpendicular grooveo, 0.00 inches long and Intersecting at the

center of the disc. The grooves were cut with a 600 V-cutter to a

depth of 0.025 Inch for 19 discs, and to a depth of 0.012 Inches

for 6 discs. The discs with the deep grooves were to rupture at

a depth of 25W0 feet which corresponds to the depth of the SOPAR

Channel around the liaweilan Islands. The purpose of the discsI. with the shallow grooves Was to discovair If energy released far

below the SOlAR Channel could be detected In the channel.* The tubos

were divided In five groups of five tubes seethe ft. leusths 0'i'

the tubes in each of the, groups were respectively: 1 foot, 3 fast,

6 feet, 6 foet and 9 feet.

The rupture discs were attached to the tubes by means of inert-

gas arc-volding following the mthod used successfully In the pfl-

liatinary ospriments (see Figure 11-4).* The devices were comlet *:.

by closing their other ends With alu~minm discs, 0.250 Inch thick,,

and a disaseter of 7.60 Inch. These bottom discs were also Welded One

For the actual field tests the author joined the n/v Townsend

Cromwell of the bureau of Commercial Fisheries during an oceano-

graphic cruise In July of 1964. The Cromwell left Honolulu on

July 12, end returned an August It The cruise plan In shown In

Figure VI-l. A total of teon drops of two or three floats each Were

p ______ram
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made, The first two drops were mado an the fir t west to "Ast lea

of the cruise, at 1l30It N. Each drop consisved of a 9 foot float

and a sIL toot float. Due to the absence of intervening islancs,

each ms mseat for detection at the listening stations on Wake and

Miduwy. None of these signals were received. All other drops were

.mant for detection at the listening station at Kaneohe on the north

side of Oahu (ae figure VI-I).

A oomplete log of drops 3 through 10 is shown In table VI-1.

The date and time are local tins. The latitude and longitude Indi-

cate the ship's position at the time of the drop. tice the exact

locations of the SO1AR hydrophom are classified, the distances

showo are approximate and are as masured from the ship to the 100

fathom line northeast of Oahu, Approximately an hour before ecmh

drop the station at Eaneobe ws Inaformd by radio of the intended

drop times This allowed the people at the station to prepare theA":

reoor•Ung quipmust. All data were to be rooonded oa magnetlo tape.

The two or three devices to be used were ballasted so that

all would take about 15 minutes to sink to 2600 feet (see ligue

VI-2), They were released at tio minute intervale. Immediately

upon droppig the flosats a Jkrk 32 Rescue Signal me released.

Ulms uigial. consists of a 4 lbs charge ot 2VT Aiioh sinks In one

mianute to 500 foot where it Is exploded by a deto4ator activated

by hydrostatic pressure. The signals are oleearly audible at dLs-

tances up to 3000 siles. In our sa"e they served both as data

i • .a0•~~~~~~~~ ~ ~ ~~~~~~~~iee .,:...,,,e,.,.,,,..,• .. , ,,s,, • % N'

L4



references marks and means to calibrate the Implosive energy ot

the floats. The explosion of the Mark 22 wass monitored aboard the

Townsend Cromwell and Its exact time and the ship's position whrc

relayed to KAneohe by radio.

* The length of the floats used and their rupture discs are also

Indicated In table VI-lo The last coluimn In the table shows

wheher or not the signal from a float wes received at Kaneoh*.

The greatest distance at whitch a float, me heard is approximately

1100 km. Only the signal from the 6 foot float was received at %19e

distance, since the 9 foot float Imploded far below the SOFAR Ckoinnel.

The signal recorded on magnetic tape Is shown graphically In Figure

VE-3. The Kaneohe listening station has four bydrophones and the

different times of arrival at the phones are due to the difgeront

* locations of the phones. The graphic display shows amplitude of

the signals In decibels versus tine. 'Me dint-ance between any tw-

consecutive heavy vertical lines represents i/2 second. tb. distunco

betwee any two consecutive heavy horisontal lines on the grid

represents 5 decibels*

As can be seen from Figure V1-3, the signal amplitude ?sg sub-

stantially greater than that of the ever present sea noiseg, and It

Is omy, to perceive the signal either graphically or aurally.

Figur. VI-4 shown the signals and relative arrival times for the

Ihrk 22 Rescue Signal released during the fourth drop.

A comparison of Figures V1-3 and VZ-4 allows one to estimate
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the mergy obtained from am imploded float. Assume that the

amplitude of the recorded signal is proportional to the energy.

released at a fixed distancoo Let A denote the relative anmout

of energy contained In the 1hrk 22 Reams Signal, and 8 the rela-.

tive amount of energy contained in the 6 foot float. Let D denote

the difference in decibels bet•een the average peak amplittude of

the Irk 22 Rescue Signal and the average peak amplitude of the

6 foot float. The reader can verify from 7lgures VI-3 and VI-4

that D 2 20 decibels. By definition

S2DA I

or

A
I=10

Th•s, the 6 foot float is approximately equlvalent to 0.4 lb. of

7NT*. Since the volume of the float wa approximately 1.2 cubic

feet, It follow that at a depth of 3500 feet (1100 pol) a float

with a volume of 3 cubic feet bas the potential energy equivalent

to I 4-b of TNT.

The energy released by a float Is directly proportional to Its

volume (Coleo, ILNS). If one assumes that the eneray released by

a float Is also proportional to pressure, which it true for spherical

volumea (Cole, 1M0), one may ext•apolate the above figures to find

that at 1300 pas a volume of 1.8 c.bl foeet to potentially equivalent

to I lb of TNT, isdl comperes favorably with the result stated In

I,
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Chapter 1I where It ws tentatively estlmated that at 1880 nsi I
4 cubic feet wuld be potentially eW.iva~lnt to 1 lb of 7NT (see

pao 7).

The nature of the signals received varied littic

from one drop to the next. To Illustrate this Figure V1-5 showe

the signal received from the 5 foot device released during the

seventh drop at a distance of 550 km from Kaneohe. Of greater

Interest for future work with rupture discs and deep-ocean neutrally-

4 buoyant floats Is the frequency-speotrua of the signal obtained

from such floats.

figres VI-6 through VI-8 show the frequency analysis at a

single hydrophmso for the implosion signals received from drops 4,

7 and 9 at distances of 1100, 550 and 250 ke, respectively. In

all figures the lower graph shows an a oontinuous basis the fre-

quenolos present as a function of time in increm•nts of 24 cps be-

!•tween $ and 1200 cps. The total time shown In 8 seoonds and Is

,a proxmately centered around the time of arrival of the Implosion

signal. To usefulness of the lower graph in a frequency n sI..

is limited due to the overloading of the pre-amplifiers upon arri'.Pal

of the signal. hisIis illustrated by the high frequencies apparently

present at the arrival tims although it in doubtful that tbe 8WOAJ

system was designed to handle su high frequenoies.C

* Uafortunately the specifications of the SOFAR system are classi-
field, so that this discussion can only be qualitative.

______4•.~.~~- WM~~-

9
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The uDver aranhs In the three fieunra aihnw tho r*_mtlw_

amplitude of the frequoný:iea present at particular instances of

time. The time base of each of the upper graphs coincides pre-

cisely with that of the lower graph. In all three figures a fre-

quency analysis of the Incoming signal It shown a few secoon4s

before the arrival of the implosion signal, Imnmdiately after

the arrival, and a few seocnds after the arrival. Tho first and

third analysis show the amplitude of the frequencies present In

the background noise for that particular period of time.

It can be seen from Figures VI-0 and VI-7 that the frequencies

of the energy released by the Implosion of a 6 toot float and a

5 foot float lie between 250 cps and 600 cps with a peak at 350

ape. This is well above the frequencles found in sea nolse, $'hwic

umally Ile below 200 cps with a peak near 80 cps. It would be

deslrable, however, if the spread of the frequency were smealler 'n

order to increase the relative anplitude of the peak. Also, if

the peak were at 250 cps rather than 350 cps, the eff•ctu of long-

distance attenuatlon would be decreased. The mlan purpose of Filrre

VY-8 is to Illustrate that the frequencies of the energy releaseti

by a esm•l float Ul foot) are considerably higher (300 to 900 cps)

and are not sttemated appreciably over a short distance. It is

interesting to note that the only tim a signal wes received from

a float liploded far below the 80FAR Channel was for a drop quit.

close to the station (see table VY-l, Float No. 21).

I.



Th. field experiavat off the BHamllan lalands has shauh thm*

the use of rupture discs for --derwter signalling over signifi-

cant distances Is cartelmly feasible. The results obtained as to

the amount of energy released and the frequency spectrum of thit

Imploding floats LrAiicate that further work in this direction to

both necessary and worthwhile. These future aspects are discussee

in the concluding chapter of this pap".

L _
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Figure VI-1. Cruise of the R/V Townsend Cromwell.
July 12- August 1, 1964.
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Figure VI-2. Left: The floats aboard the R/V Townsend
Cromwell.

Right: Setting a float overboard.
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Figure VI-4. Graphic representation of the SOFAR signals.
Phone No. I shown at top.
Drop 4, Mark 22 Rescue Signal.
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Figure VI-5. Graphic representation of the SOFAR signals.
Pnone No. I shown at top.
"Drop 7, implosion 3.
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II

Figure VI-6, Frequency analysis of the signal received
on phone No, 2.Drop 4, Implosion 1.

Is
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Figure VI-7. Frequency analysis of the signal received
on phone No. 1.
Drop 7, Implosion 3.
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Figure VI-R. Frequency ana~lysis of the signal received
on phone No. 2.
Drop 9, implosion 1.
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Vi1. CONCLUSION

M6u *xpeorl tos periormed with rupture 11s10 in the laboratory

and In the Pacific Ocea have shown that hollow cylindrical floats

equipped with rupture disco are useful for long-distance umderwater

signalling. The work has yielded technical knowledge concerning

the fabrication of ruptJre discs end their attachment to floats.

The experiments have resulted in numerical information use*ul in

further work with rupture discs and long-distance signalling In

the SOWAR Channel.

It is clear that for future work, rupture disc..: have to be

doevolaW with a uniform thickness varying less than 0.001 Inch

over the discs and with & gyoove depth accurate well within 0,00J

inch. Since such close tolerances are difficult to achieve with

rolled metal materials it wa be desirable to esinasne the poasi-

bility of using discs cast In a mold. The grooves might be cast

as an integral part of the vold, or they might be cut on a millirng

machine. If costing or molding proves foasible, It would be of

interest to consider using one or more of the modern plastics such

as LEXAN (a poly-carbonate) or CELCM (an aoetal polymer)* Ikth

these mate,.als a"e noted for their molding properties and their

oxoeptIonal flezular strength. In large quentitlto, both would be

cheaper to produce than any type of metal disc.

The pocaibilLty that discs may be molded out of plastics quite

.-T'



naturally leads one to consider using plastic floats* Mgain. the

use of the previously mentione" materials for the construction of

floats Is perfectly feasible. However, tubes of the large diman-

*Ions needed for oceanographic purposes would have such a great

wall thickness when made of plastic that their cost might become

prohibitive. One Ismediate advantage of using plastic floatsa and

plastic rupture dincs to the ease with which the two may be joined.

Amy number of commrcially available resin epoxies will yield a

bond between the two parts far stronger than the original materiLal.

Although welding Is a satisfactory means of attaching aluminum

discs to aluaminu floats, It Is too expensive for large-scale fabwS.-

cation of neutrially-bucyant floats equipped with rupture disca.. The

cost of other sound means than melding will samso be probibitiva i.-

any project where the cost p~r .Xtmust be mir-imixed due to rhe

large maber of floats to be used. It Mo possible, however, taat

alumibnu discs could be attached to MlAWs by Means of epoxies.

Although this bond would not be as strong as a vx,'ed bond, tho d.Ac

wculd be sealed firmly against the tbeb by hydrostatic pressure at

the pressures req~uired to deform the diLsc to such an extent as tc-

break the epoxy bond.

The Hamilian experiment ms successful in that it gave a defiziito

k measurement of the amout of potential energy carried by a f±att

equipped with a rupture disc. It also became clear# however, that

further research and development were necessary not only to deter wlno
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t0.1e Ofz ofgloats necessary for ocean-wide signalling but also to

determine th, type of float and disc necessary to yield an Implosion

with a desirable frequency spectrum.

if it Is true that the amount of energy released at a giveu

depth Is proportional to the Volume of the float, It seems a simple

matter to obtain higher energy levels by Increasing the length or

the diameter of the floats* Increasing the length of a float much

beyond 10 or 12 feet Is not practical,* both because of handling and

storage problems and becase the Increase In volume Is only propar-

tional to the Increase in length. Binoe the volume Increases a" the

square of the dIsmter# It is vore desirable to Increase the diaaetor

of the float. Woing this Is also subject to a practical limit, bh>*-

ever, for as the diameter Increases the wall thickness nost incxe-se'

In direct propor tion to maintain. the low compressibility of the

float necessary for neutral, boasocy. for eiseple, one can inarese

the potential energy of a float at a given pressure ninep-fold by

tripling Its diameter. 7bn maintain the same low compressibility

oas mast triple the wll-thIcknese. Bince the circumference ham

also tripled one is faced with at least a ninefold Increase In tue

waight of the float. 7he same increase In volume can be achieved be

increasing the length of the original float, and thus Its weight,

nine-fold. One then has the Interesting result that the potential.

energy of a float is directly proportional to Its weight. ThIs

again points to the need for finding cheaper a&eri4D% for the
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construction of the floats.

Neutrally-buoyant floats with long-distance signalling capa-

-•ll~ts wI l b. w•'iful in the study Of currents at depth in the

ocean. For this purpose two types of float have to be designed.

S~One would drift above the SOYAR Channel and eventually sink in tc

the channel to Iuplode, and the second would drift below the SOAAI

Channel and eventually rise into the channel to Ilplode, Whereas

the design of the first type is straight lorward, that of the seccii

poses more problems. Sin•e at neutral buoyancy the float would oe

exposed to pressurs6 great enough to rupture its disc, the rupture

disc would have to be protected until the float arrived in the

SOUAR Channel from below. One design possibility would be to equip

a float with extra ballast. After drifting at some dapth beol tV.,

&WAR* Channel for a predetermined period of timep this extra ballast

would be released and the float w•uld ascmed. Since its rate of

ascent, its floating depth, and Its Implosion depth are known, the

* proteotive covering of the disc my be destroyed after the proper

lenth of time when the float should be in the OFMA Channel. Tho

simplest way to destroy the discs protection is by *tcms of a small

explosive charge.

In order to make neutrally-buoyant floats equipped with long-

* range signalling devices truly useful to oceanographers, It is claar

that same sort of world-wide orgaismatiou has to be established to

I organize the release of floats and the reception of their signals,



Wha,•aam ha ,th at of the floats en ha kant low. the coat and reauiro-

ments of maintaining listening Installations covering all oceans

are such that International cooperatLon is an absolute necosO±4,y.

If the mamy OFAR listening stations already established in wsay

parts of the world could be made available for the detection of

signals from floats, the main function of such an organization

wxud be to coordinate the releas of the floats and the distri-

bution of the data collected at the varous stations* It is the

authors hope that International cooperation will improve to such

an extent that the project ostlined above will become fessible.

I F



Appendix A. 80MAR

.OMAR stands for SOund ZDurng &d Ranging and usually refers

to the system for determining the location of underwter soand

signals generated as far as 3000 ailes from shore. In this con-

nection one often refoer to the 8OMAR Channel by which Is meant tie

deep layer in the ocean, approximately parallel to the surface,

In which the velocity of sound has its aininum.

The major Influences cn sound velocity In the ocean are pro-

vided by temperature and pressure. In moet cases the effect of

the variation in salinity is sufficiently small to be Ignored. It

Is assumed that the static pressure Increases linearly with depth,

disregarding the small deviations arising free density vartations

* due to varying temperature and salinity.

If one ignores the effects of diurnal heating and cooling in

the top 100 or 200 moters of the oceen, it In known that the ten-

perature of the water decreases rapidly and moultonically to a

* depth of approimately 3000 feet. This layer Is known as the mai.

theriocllne. In this layer the effects of the negative temperature

gradient Lar outweighs the effects of the linearly increasing pros-

sure and the velocity of sound will decrease monitonically with

depth.

Below the bottom of the therc•i•ne the temperature remains

approximately constant and inorasing pressure beocmes the dominant

Ole
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factor in determining the sound velocity. Thus we find that below

the main thermoclin. the velocity of sound will increase monitoni-

caally with depth. Thus the bottom of the main thermocline det'nes

the depth at which the velocity of sound has Its amniimu. This

depth Is coiled the axis of the SONAR Channel.

Since the bottom of the therwoeline changes Its depth vary

gradually from one location in the ocean to the next, ranging in

depth from 1000 to 6000 teat, it follows that the WOFAR Channel Is

usually parallel to the surface. The average depth of the axis of

the WOAR Chanel is 3000 tft.

ConsIder the sound signl originated an the axis of the channel.

Due to the increasing velocity of sound both above and below Utpe

axis, most energy originally traveling away from the axis wl3l be

retreated back towrds the axis. 7hus the spreading of the energy

is two-dimensional rather than three-dineusioal. e nergy is greatly

conserved and signals generated on the axis way be received by

hydraphomes placed on the axis at distances an great as 8000 miles.

II



I:. ~Appendix B. SMNUZ~RING CALCWMATIONS

Both the tube and the bottom plat* of the instrument are

machined from steel. Tor'both Young's modulus, R, is 30 x 106 psi

and Polsson's ratio. u, is 0.3. The 15 tie rods are made from

strain tempered steel with a ainimm yield strength of 100,000 psi.

The maxmm Internal wrking pressure of the tube may be found

from Barlow's formusa:

whore

P = bursting pressure (psi)

8 = ultimate tonsils strength of tube (pal)

t w mall thickness of tube (Inches)

D = outer diameter of tube (inches)

For the tubing used 8 a 00,000 psi, and with a wall thickness of

7/8 inch and an outer diameter of 7-1V4 Inch it follows that tho

bursting pressure Is approx1mately 18,000 pos. For operating caor-

ditIons characterized by & steady, gradually increasing pressure a

safety factor of 3 is sutflclont. Thus the tube Is absolutely safe

up to a000 pai.

The minimau yield strenith of the tUs rods In 100,000 p,!. 7W.

mwekest part of each rod is the threaded part which has an area

of 0.*28 square Inch. Thus the saoimd force to which any rod may

ol



i• be subjected is 28,000 pounds. Since 15 rods are used the total

force exerted upon the disc by the hydraulic fluid in the tube
.....-4w.A AM% Mfltn ~ (.a4A. +h% Aw . h im,,U

- -- - ----

It follows that the 15 rods will hold the collar for a11 pressuresI loss than 15,000 psi. Again asusuing a safety factor of 3 It

follow that the instrument may be used In absolute safety with

Internal working prosmies of up to 5000 psi.

To calculate the angle of the bevel required to maintain a

tight closure between the tubs and the collar, assume a working

pressure of 3000 psi. This figure Is chosen cut of convenience,

for all exp•nsions are linear and any figure below 5000 pai would

serve equally well.

The change In the outer diameter of a tube, not oonstralnud

at either end, subjected to an internal pressure far greater

than the external pressure, Is given by

I±SS2 +
I - (e/b)2

where

d a chbang in diameter (Inches)

a = Inner diameter (Inches)

b = outer diamster (inches)

p a Internal pressure (psi)

9 = Young's modulus (pal)

u Poiasoa°s ratio
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For the tube used in the Instrument It Is CRlgnulAtabA 4h.4

d = 0.0028 inch. Thus the change In the outer radius (r) Is

r : 0.0013 Inch.

At 3000 psl the collar Is subjected to a force of 85,000

* pounds. Thus the collar exerts 5,700 pounds upon each of the 15

tie rods. Each rod consists of two parts; a threaded part with

a norms-sectional area of 0.28 square inches, and an unthreaded

"part with a cross-sectIonal area of 0.44 square inches. With a

force of 5,700 pounds on the rod th, threaded part Is subjected

to a stress of 20,000 ps1 and the unthreaded part Is subject to

a stress of 131000 psi. Young's modulus (2) Is by definition

SE stress
stra•n '

where the strain is a toasure In inches per Inch of the change In

the length of a rod subjected to a stress. Thus for the threaded

part of the rod the strain is 0.67 x 10-3 Inches per inch, while

for the unthreaded pert the straln is 0.43 x 10"3 inches per Inch.

Binc* the length of the unthreaded part Is 20875 Inch, and since

one mmy estimate that the length of the threaded part of the rod

subject to lengthwise strain Is appro.imately 3/4 inch, it follow

that the change in the length of the rods at 2000 psi Is approxi-

mately 0.0018 Inch.

Thus, when the tube expands radially by 0.0013 (r) Inch it

nost travel upwards at least 0.0018 (4) Inch. It follows that the

'4.
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;Ar" tangent of the angle of the bevel, the angle being measured from

the vertical, must be no greater than r/t = 0.722. Thus the angle

muast be no greater than 350451.

lcllfwine thoe ftlV. enwnu+ati.nni. th Aý%la nf q nt -•"01 i n

the Instrument is 300. It was felt that this angle wuld be steep

enough to provide a contnuoue closure between the tube and the

collar without being so steep as to cause the tube to bind against

the bottom plate.

I'
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Appendix C. VOLUME UNDER• THE DISCS

it a m pointed out in Chapter V that all discs behave like mem-

branes under uniform tension near the pressure at which they rupture.

Thug one may assume that the profiles through the centers of the discs

as shown in Figures V-4 through V-11 are arcs of circles. For each

disc the radius of the circle in equal to the radius of the sphere.

A typical profile through the center of a spherically deformed

disc Is shown in Figure C-i. The arc ABE represents the disc. The

point B is at the center of the disc and bisects the arc. Let C be

the imaginary center of the sphere. Then C8 is perpendicular to AE

and bisects AS. C1 is the radius R of the sphere. Lot the point D

divide the line AB into two equal segments. Then the tva triaagles

ADC and BDC are congruent and it follows that

R DB

Let the deflection OB at the center be denoted by d. Then

c =t-I d

Since AS 6 inches, It follows that AO 3. It is also clear from

Figure C-1 that

=- 2 /9+ d2

It follows that the radius R is a function of the center deflection

d only and to given by
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R i Inch.f , ^tag,+-l d,

3-

With the x-axis and the z-axis as shown in FiAnre C-1, and

with the y-axis perpendicular to the figure at the point 0, the

equation of the sphere in cylindrical coordinates is

2 - (d. 12 R2

The volume under the disc it fi- volume of the part of the sphere

located above the plane z U. This volume may be found by Inte-

gration:

S.V JA(z) ds
0

~d
V Ir r2 dz

o

V- Tr R [z - (d-R)] 2 dz

0

2 d3

The results of the calculations yielding radii and volume changes

for directly ruzptured disat anld preformed discii are tabulated in

Table C-1. T'he volume changes are plotted as a functiort of rupture

prossur, or depth In FIgure V-12*
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z1

Vb

AE 0

Ab x bB

08 a d
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Figure C-i. Geometry required to calculate the change In
volume of a deforming dIsc. See Appendix C.
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